The temperature dependence of the dc and ac conductivities has been studied in sputtered arnorphous carbon films. The dc conductivity is proportional to T" with n =15-17 below room temperature. The mechanism is discussed in terms of the mobility-edge conduction, variable-range hopping, and small-polaron hopping. Quantitatively, these models could not interpret the observed behaviors. Instead, the multiphonon tunneling of localized electrons with weak electron-lattice coupling is suggested to be the dominant transport mechanism. This may be attributed to the~-bonded nature of sputtered amorphous carbon. The ac conductivity is strongly correlated to the dc conductivity, which has never been explained by the current theories based on the pair approximation. Alternatively, the continuous-time random-walk approximation is shown to be a useful approach.
I. INTRODUCTION It is believed that amorphous carbon (a-C) prepared by evaporation or sputtering is predominantly sp bonded with an optical gap of 0.4 -0.7 eV. ' At a carbon sp site, there are three strong o. bonds and one weak m bond lying normal to the o. bonding plane. The~states will form both the valence-and conduction-band states. ' The sp sites must be clustered together in aromatic units. The large size of such clusters could produce localized states near the Fermi level E+. The eFect of disorder in a~-electron system is therefore of particular interest. The present authors have shown that the temperature dependence of the dc conductivity in sputtered a-C is empirically described by o. d, =o. oT", with n =15-17, which may suggest that the nonpolaronic multiphonon tunneling of localized m electrons (weak coupling with lattice) dominates charge transport.
Measurement of ac conductivity could provide direct information about the hopping rate of localized electrons. In the present study, the temperature dependences of both dc and ac conductivities are reported. Possible transport mechanisms, mobility-edge conduction, variable-range hopping (single-phonon process), and multiphonon hopping with strongly (small-polaron) and weakly coupled states, are discussed. It is suggested that the conventional mobility-edge conduction or small-polaron conduction could not explain the overall features of transport in a-C. It is also found that the ac conductivity is strongly correlated with the dc conductivity. This feature, which has never been explained by the current theory based on the pair approximation, is interpreted well in terms of the continuous-time random-walk (CTRW) approximation.
II. EXPERIMENT
Thin films of a-C were prepared on Corning 7059 glass substrate with a bottom Au electrode by rf sputtering of a 60-mm-diam graphite target (99.999%) in argon gas (0.18 Torr). The forward power applied to the target was 100 W and the substrate was held at 20 C.
The deposition rate under these conditions is approximately 0.6 A/s. Front contacts were made of Au by thermal evaporation. Annealing of samples was done at 400 C (1 h) at 3X10 Torr. The ac conductivity was measured using a capacitance bridge (Ando TR-1C).
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. dc conductivity The solid circles in Figs. 1 and 2 show the temperature dependence of dc conductivity (crd, ) for as-deposited and annealed (400'C, 1 h) films of 0.6 pm thickness, respectively. Annealing results in an increase in hard"as found by several authors. ' ' (2) ad, =n, (eR) I;"/6kT,
where n, is the number of carriers, R the hopping distance, and I;" the minimum hopping rate.
If the electron-lattice coupling is strong enough, the small polaron can be formed in disordered materials. ' Electrons should couple with both the optical and acoustic phonons. Following Holstein, ' Gorham-Bergeron 1(b) , and 1(c), are for vD = 2. 5 X 10', 5. 5 X 10', and 1 X 10' s ', respectively. The other physical parameters required for calculation are taken to be Eb'=E"'"=0 5 eV, 6=0 015 eV, n, =1X10' cm which is quoted from the electron spin resonance (esr), and R = 5 A which may be reasonable for the average site separation of small-polaron hopping. Fitting to experimental data [curve shown in Fig. 1(b) ] produces J;, =1.0 eV. It should be noted, however, that estimated J;, . (1.0 eV) seems to be very much larger than that ((0.1 eV) predicted for the nonadiabatic treatment of the small polaron Beyond this value (=0.1 eV), Eq. (4) cannot be applied to the nonadiabatic small-polaron hopping. By assuming J, "=0.1 eV, n, =1X10 cm is required for fitting, which seems to be too large for the carrier density.
The solid lines, (a), (b) , and (c) in Fig. 2 ' This relation can be interpreted either by the quantum-mechanical tunneling ' (@MT) or correlated barrier hopping (CBH). These tuodels are based on the pair approximation in which the motion of the carrier is contained within a pair of sites. If the dc and ac conductivities arise from the same hopping mechanisrn, the pair approximation cannot be applied. ' " As the dc conductivity for a-C is expected to be dominated by the hopping process, the continuous-time To analyze ac conduction for this case, the CTRW approximation must be a proper approach. The solid lines in Fig. 8 
